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The magnetic property of the LaMnO 3Àd films was systematically investigated with the variation of the deposited oxygen pressure. The Curie temperature and the saturation magnetization of the films were found increased with the decrease of the oxygen pressure. We believe that the double exchange effect between Mn 2þ and Mn 3þ ions should be the origin of the ferromagnetism and the enhanced conductivity, where the Mn 2þ ions are generated with the oxygen vacancies due to oxygen deficient, and the double-exchange interaction is enhanced with increasing the ratio of Mn 2þ /Mn 3þ . The results of the x-ray absorption spectroscopy support our conclusion as well. Oxygen vacancies play a very important role in the properties of transition metal oxides, such as resistive switching characteristics, 1,2 photoluminescence, [3] [4] [5] hightemperature ferromagnetism, 6, 7 catalysis, 8 and superconductivity. 9, 10 The LaMnO 3 , as the parent material of the doped manganites, has attracted considerable attentions due to its fantastic properties, 11 such as photo-induced infrared absorption, 12 pressure-induced insulator-to-metal transition, 13 and dielectric anomaly. 14 Oxygen nonstoichiometry in LaMnO 3 was also investigated by many groups, and the magnetic structures of LaMnO 3þd (excess-oxygen condition) exhibit the ferromagnetism, spin-glass state, or antiferromagnetism when d is at different regions. [15] [16] [17] [18] Most of the work has been reported on the origin of the ferromagnetic property, and it was considered that double-exchange interaction 16, 19 and John-Teller distortions [20] [21] [22] are responsible for their ferromagnetism. The properties of the oxygendeficient case have also been investigated, and another magnetic phase was found in the powder LaMnO 3-d . 23 However, the influence of oxygen vacancies on the transport and magnetic properties of the LaMnO 3 in the thin-film system has not yet been explored, and the understanding of the relative underlying physics still remains unknown. Recently, our group has reported that the oxygen vacancies play a very important role on the resistive switching phenomenon in the LaMnO 3 films, and the resistive switching property becomes more pronounced with more oxygen vacancies in the films. 24 In this work, the structures, transport properties, magnetic properties, and the valence of the Mn ions of the oxygen-deficient LaMnO 3Àd films have been investigated. Unexpected hysteresis loops were observed in the LaMnO 3Àd films with oxygen vacancies, and an increase trend of the saturation magnetization of films was observed with the decrease of the deposited oxygen pressure, which was quite different from the well known anti-ferromagnetic property of LaMnO 3 in bulk systems. 25 The results of x-ray absorption near edge spectroscopy showed that the oxidation state of Mn ions changes from þ3 to þ2 due to oxygen deficiency, and the ratio of Mn 2þ /Mn 3þ increases with the decrease of the deposited oxygen pressures, inducing the enhancement of the saturation magnetization and the conductivity of the LaMnO 3Àd heterostructures resulting from the enhancement of double-exchange interaction.
The 100-nm-thick LaMnO 3Àd films were deposited on SrTiO 3 (001) (0.8 wt. % Nb-doped) (SNTO) substrates by the laser molecular beam epitaxy (Laser-MBE) using a pulsed XeCl excimer laser (308 nm, $1.5 J/cm 2 , 2 Hz) at 750 C under different oxygen pressures of 10, 5 Â 10 À1 , 5 Â 10 À2 , 5 Â 10 À3 , and 5 Â 10 À4 Pa, respectively. The crystal structure of the LaMnO 3Àd films was investigated by the high-resolution synchrotron x-ray diffractometry (SXRD) (k ¼ 1.24 Å ) at BL14B1 beamline of Shanghai Synchrotron Radiation Facility (SSRF). The x-ray absorption near edge spectra (XANES) of the K-edge of Mn ions were measured at BL14W1 beamline of SSRF using fluorescence measurements, and the L II,III -edge spectra were probed at BL08U beamline of SSRF using the Total Electron Yield (TEY) method. The magnetic properties of the LaMnO 3Àd films were investigated by the physical property measurement system (PPMS, Quantum design). The current-voltage (I-V) behaviors of the LaMnO 3Àd /SNTO heterojunctions were measured by a Keithley 2400 source meter at room temperature. increase of the concentration of oxygen vacancies in LaMnO 3Àd thin films, 22, 24 we would ascribe this modulation of the lattice constant to the effect of the oxygen vacancies in the LaMnO 3Àd films, which weakening the lattice inter-atomic forces and thus inducing the increase of the volume of unit cell.
The XANES spectroscopy is a very important probe for materials. [26] [27] [28] [29] As an atomic probe, the XANES is strongly sensitive to the oxidation state and coordination environment of the absorbing atom. The XANES spectra of the Mn ions in the LaMnO 3Àd films are displayed in Fig. 2 , with the different concentrations of oxygen vacancies of the LaMnO 3Àd films induced by the change of deposited oxygen pressure. The Mn K-edge and L II,III -edge spectra of the LaMnO 3Àd films are displayed in Figs. 2(a) and 2(b) , respectively. It is well known that the Mn K-edge absorption is related to the electron transition of the 1s ! 4p levels, while L III -edge absorption is corresponding to 2p ! 3d levels. The shift of the absorption edge indicates the change of the occupied band structure. It is found out from Figs. 2(a) and 2(b) that the main peaks of both the K-edge and L III -edge curves of Mn ions move to the low-energy side with the decrease of the deposited oxygen pressure, which is denoted by the dashed-dotted-arrow line and vertical-solid lines on the plots, respectively. It is indicated that the average oxidation states of Mn ions decrease with the change of the concentration of oxygen vacancies with varying oxygen pressure from 10 to 5 Â 10 À4 Pa. 27 As is well known, the oxidation state of Mn ions in the stoichiometry LaMnO 3 is þ3, 30 therefore charge transition disproportionation of the Mn 3þ ! Mn 2þ likely occurs when the oxygen vacancies exist in the LaMnO 3Àd thin films, and the ratio of the Mn 2þ /Mn 3þ should increase with increasing the oxygen vacancies. Furthermore, it can also be seen that the shape of the spectra is nearly unchanged in Figs. 2(a) and 2(b) , which is sensitive to the coordination chemistry of the absorbing atom. 31 Therefore, we believe that the coordinated environment of the Mn ions in the LaMnO 3Àd films is almost unchanged, consistent with the results from the SXRD analysis shown in Fig. 1 . A similar changing trend of the oxidation state is shown in the spectra of K-edge and L II,III -edge in Fig. 2 . Moreover, it is important to point out that the spectra of K-edge in Fig. 2(a) obtained by using the fluorescence measurement give the bulk absorption characteristics, while the spectra of L II,IIIedge in Fig. 2 
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Zhao et al. Appl. Phys. Lett. 102, 122402 (2013) concluded that the oxidation state of Mn ions has the same changing trend as that of LaMnO 3Àd films with various deposited oxygen pressure. It should be noted that the XANES line shape of the LSMO film of 4 Â 10 À4 Pa is different from the other lines displayed in Fig. 2(c) . We propose that it should come from the variation of the configuration environment of the Mn sites due to the lattice distortion caused by more oxygen vacancies in this LSMO thin film.
The magnetic properties of the LaMnO 3Àd films are displayed in Fig. 3 . The temperature (T)-dependent magnetization (M) (100 Oe, field cooled) and the hysteresis loops (10 K) of the LaMnO 3Àd films are shown in Figs. 3(a) and  3(b) , respectively. The Curie temperature (T C ) of these films deduced from Fig. 3(a) is plotted in Fig. 3(c) . Here, T C is the calculated value obtained by fitting the high-temperature M-T curves in Fig. 3(a) . The curves in higher temperature can be fitted with the Curie-Weiss law v ¼ C TÀT C , where v is the magnetic susceptibility and proportional to the magnetization, C is a material-specific Curie constant, and T is the absolute temperature. And in the same way, the saturation magnetization (M s ) of the LaMnO 3Àd films obtained from Fig. 3(b) is also plotted in Fig. 3(c) . The ferromagnetic (FM) property was observed as shown in Fig. 3(b) in the LaMnO 3Àd films, which was different from the well known anti-ferromagnetic property of LaMnO 3 in bulk systems. 25 Both T C and M s increase with decreasing the deposited oxygen pressure varying from 10 to 5 Â 10 À4 Pa, and the residual magnetization and the coercive force also show the similar behaviors, which is not drawn in Fig. 3 , but can be clearly seen in Fig. 3(b) . The oxygen-pressure-dependence of T C and M s of the LaMnO 3Àd film of 5 Â 10 À3 Pa deviates the variation tendency, which would indicate that the magnetic structure is somehow different to the others. And this inconsistency has also been observed in the resistive switching characteristics we reported previously in Ref. 24 , in which the resistance ratio of the high resistance state and the low resistance state is the largest in all LaMnO 3Àd thin films of 5 Â 10 À3 Pa we fabricated. The origin of the inconsistency remains unrevealed.
As we know, the bulk LaMnO 3 exhibits a ground-state of an A-type anti-ferromagnetic (AFM) order, 25 however in some special cases, the LaMnO 3 could display the FM behavior, such as in some specific oxygen-excess LaMnO 3þd ceramic 16, 32 and weak tetravalent cation-doped LaMnO 3 .
33-37
In order to interpret the ferromagnetic property of the tetravalent-cation-doped LaMnO 3 mentioned above, as well as the conductivity of the system, Mandal et al. 35 ions induced by the increase of the density of oxygen vacancies, the ratio of Mn 2þ /Mn 3þ becomes larger, resulting in the enhancement of the double exchange interaction. Therefore, M s and T C increase with the decrease of the oxygen pressures from 10 to 5 Â 10 À4 Pa, and the residual magnetization increases as well.
The I-V curves in Fig. 4 show the transport property of the LaMnO 3Àd /SNTO heterostructures deposited under different oxygen pressures. With the decrease of the deposited oxygen pressure, the conductivity of the films becomes obviously larger. This enhancement of transport property would also be explained by the enhanced double exchange 
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Zhao et al. Appl. Phys. Lett. 102, 122402 (2013) interaction in the LaMnO 3Àd layer of the LaMnO 3Àd /SNTO junctions due to the occurrence of the charge transition disproportionation of the Mn 3þ ! Mn 2þ . The enhancement of the double exchange effect would induce the rapidly increase of the conductivity electrons with the increase of the concentration of oxygen vacancies and then give rise to the larger electronic conductivities. 34 In the other hand, the oxygen vacancies are double donor defects in transition metal oxides; 40 therefore, the carrier density in the LaMnO 3Àd films would increase abundantly with increasing the oxygen vacancies induced by the decrease of deposited oxygen pressure. The electric conductivities thereby greatly enhance with decreasing the oxygen pressure.
In conclusion, the magnetic and transport properties of the LaMnO 3Àd films on the SNTO substrate fabricated under various oxygen pressures have been systematically investigated. The oxygen-deficient LaMnO 3Àd thin films are found at the FM phase, and the Curie temperature and the saturation magnetization of the films increase with decreasing the deposited oxygen pressure. The electronic conductivities of the LaMnO 3Àd /SNTO heterojunctions also enhance with the increase of the oxygen vacancies. The valence state of the Mn ions has been investigated by synchrotron radiation techniques, and the results of the XANES spectra of the K-edge and the L II,III -edge spectra of Mn ions indicate that the charge transition disproportionation of the Mn 3þ ! Mn 2þ occurs in the oxygen-deficient LaMnO 3Àd thin films and the ratio of the Mn 2þ /Mn 3þ increases with the decrease of the deposited oxygen pressure. We believe that the change of the magnetism originates from the double exchange effect between the Mn 2þ and Mn 3þ ions, and the enhancements of the magnetic properties and electronic conductivities result from the enlargement of the ratio of Mn 2þ /Mn 3þ ions with the decrease of the deposited oxygen pressure. 
